Abstract: A refractive index sensor can provide refractive index measurement and continuously monitor a dynamic process. Plasmonic nanostructure based sensors suffer from severe metal losses in the optical range, leading to the performance degradation. We design and numerically analyze a high-performance refractive index sensor based on the Fano resonance generated by a dielectric metasurface. The figure of merit (FOM) and the maximum quality factor (Q-factor) of the sensor are 721 and 5126, respectively. The maximum modulation depth can exceed 99% and the enhancement factor of the electric field amplitude can reach a high value of about 100. The uniqueness of the proposed sensor is polarization insensitivity. The transmittance spectra for various polarization states of the incident light can perfectly coincide, which is a rare phenomenon in Fano resonance based sensors and can facilitate experimental measurement.
Metasurfaces are two-dimensional counterparts of metamaterials, which have aroused great interest due to their unprecedented capability in the manipulation of light propagation [1] [2] [3] [4] .
Benefiting from the advances in micro/nano fabrication technology and extraordinary optical properties of subwavelength structures, considerable efforts have been made on metasurfaces with a wide range of applications including ultra-sensitive bio-chemical sensors, light emitters, slow light, simultaneous detection of the refractive index and the temperature, and so on [5] [6] [7] [8] [9] [10] [11] [12] . Metallic nanostructures (e.g., nanorods, nanodiscs) are widely used and explored due to their unique optical properties (e.g., selective field enhancement), leading to the development of early stage refraction index sensing [8, 13] . High-sensitivity sensors based on graphene and hybrid structures were also reported [14] [15] [16] [17] [18] . Although the deepsubwavelength concentration of light can be realized, plasmonic nanostructures suffer from the high level of Joules losses at optical frequencies, severely limiting the performance of optical sensors. For example, a refractive index sensor with a sensitivity that can exceed 500 nm/RIU was reported by etching H-shaped aperture structure on the gold film [19] , but its figure of merit (FOM) is only 3.8. The full width at half maximum (FWHM) Δλ of the spectrum is too broad due to the intrinsic Ohmic loss of the metal, dramatically decreasing its FOM. In order to tackle this fundamental challenge, a potential solution is to use highrefractive-index all-dielectric metasurfaces. The advantages of low loss, bandwidth enhancement and isotropic responses in a dielectric metasurface make it a good candidate, providing new opportunities for high-performance sensors [20] [21] [22] .
Fano resonance originally observed in atomic physics is a kind of asymmetric resonance [23] , where the interference between a continuum (or broadband) state and a discrete (or narrowband) state of the structure produces a sharp reflection or transmission spectrum for the light with a given polarization direction. Recently, some new strategies based on dielectric structures have been proposed to achieve high quality factor (Q-factor) Fano resonance [24] [25] [26] . Without the hassle of Ohmic losses, the transmission and reflection spectra of dielectric metasurfaces with Fano resonances can be much narrower than those of plasmonic metasurfaces. In addition, the dielectric structures can support both electrical and magnetic dipolar Mie-type resonances [27] . Therefore, they can be used to easily realize magnetic Fano resonance, in which the fundamental resonance mode is a magnetic mode [28, 29] . A composite nanostructure array consisting of silicon nanorings and silicon nanorods were used to design a sensor with a FOM of 103 (due to a 2.8-nm-wide Fano resonance peak) and Q-factor of 483 [30] , which cannot be achieved with plasmonic structures. Tunable Fano resonances based on graphene/waveguide hybrid structure were also proposed [31] . However, the generation of Fano resonance usually requires the structure to be asymmetric [32] , meaning that the sensor made by this kind of metasurface is sensitive to the polarization of the incident light, which causes the inconvenience for measurement. How to use Fano resonance generated by a dielectric metasurface to develop a sensor with a property of polarization insensitivity is very challenging.
Here, we propose a high Q-factor refractive index sensor based on the Fano resonance generated by an all-dielectric metasurface. Each unit cell of the designed dielectric metasurface is composed of three identical V-shaped TiO2 antennas on glass. There are two sharp dips in the transmittance spectrum, at which the Q-factor can reach 5126 with a FOM of 721, the modulation depths ΔT can exceed 99%, and the enhancement factor of the electric field amplitude can reach a high value of about 100, which are superior to previously reported results based on all-dielectric sensors. The transmittance spectrum can be well reproduced and explained with the aid of a Fano model. Furthermore, the sensing properties of the proposed sensor are independent of the polarization state of the incident light, which is a rare phenomenon in Fano resonance sensors and can greatly facilitate experimental measurement. The proposed refractive index sensor consists of a TiO2 nanostructure sitting on a glass substrate. The refractive index of the glass is n1=1.5, and the wavelength-dependent refractive index of TiO2 is taken from Ref. [33] . The unit cell of the TiO2 thin film (thickness t=60 nm) structure is composed of three identical V-shaped antennas, as shown in Fig. 1(a) . Each Vshaped antenna is symmetrical, with θ1=π/3, θ2=θ3=2π/3 and D=160 nm. There is a gap of d1=40 nm between antennas, and the combined structure has a 3-fold (i.e. 120°) rotational symmetry about the origin point O. Each individual cell is arrayed periodically along the directions of p1 and p2 (the angle between them being α=π/3) to form the structure, as shown in Fig. 1(b) . The gap size between adjacent cells is d2=d1=40 nm, and all the other structural parameters are designed to be l1=184.75 nm, l2=230.94 nm, l3=415.69 nm and |p1|=|p2|=692.82 nm, respectively. For the time-dependent factor exp(iωt) adopted in the Comsol software, there is γ>0 due to the energy leakage of the resonant mode with time [36] . Since there are two resonance dips in the transmittance spectrum, , 2πc/ω2=921.31 nm, and 2πc/γ2=5.2918×10 6 nm, respectively.
Results and discussion
As shown in Fig. 2(a) , the prediction of the Fano model (red circles) agrees well with the fullwave numerical results (blue solid curve) especially near the resonance dips, which confirms the Fano-resonance essence of the transmittance spectrum.
By virtue of the model, it is also possible to achieve an insight into the formation of the asymmetrical lineshape of the Fano resonance. For convenience, we denote B1=b1/(ω−ω1−iγ1), with C1=180°, and |B2|=|a| with C2=180°, which occurs in the region quite close to the central resonant frequencies ω1 and ω2. In contrast, the almost-unity transmittance is formed by an approximate constructive interference between the continuous mode and resonant modes with a moderate phase difference (C1 and C2) far from 180° and a moderate value of |B1| and |B2|. the previously reported values that are usually less than 300 [37] .
B2=b2/(ω−ω2−iγ2), C1=arg(B1)−arg(a) and C2=arg(B2)−arg(a).
With the rapid development of nanofabrication technology, the designed V-shaped antennas can be fabricated in many research groups. For example, V-shaped antennas [41] and V-shaped slits [42] have been fabricated based on the electron beam lithography (EBL) and focused ion beam (FIB) milling, respectively. To analyze the effect of the fabrication error on the sensing performance, we consider a change of the gap size (d1=d2) by ±5nm with other geometrical sizes unchanged. As shown in Table 1 (with a surrounding medium of water), the increase of the gap size here leads to a slight change of the sensitivity, a slight decrease of the Q factor and the FOM value, and a small blue shift of the Fano resonance dips. Table 2 shows that scaling to communication wavelengths even exhibits better sensing performances. Symmetry-breaking structures are typically used to produce Fano resonance, which usually causes the transmittance or reflectance spectra to be sensitive to the polarization state of the incident light and leads to inconvenience for the measurement. The 90° (i.e. 4-fold)
rotational symmetry along with a bilateral mirror symmetry is routinely used in the literatures to ensure the polarization independence [43] [44] [45] . However, as shown here, the proposed metasurface exhibits polarization-independent characteristics despite its breaking of the 90° rotational symmetry about the origin point O [see Fig. 1(b) ]. Figure 5(a) shows the transmittance spectra of the metasurface immersed in water when the polarization states of the incident light are right-handed circular polarization (RCP, blue circles), x-polarization (φ=0, red-solid curve) and y-polarization (φ=π/2, yellow asterisks), respectively. It is seen that the transmittance spectra for the three incidence polarizations coincide perfectly, showing the unique property of polarization insensitivity of the structure. To further confirm this point, we calculate the transmittance spectra with the polarization angle φ varying continuously from 0 to π/2, as shown in Fig. 5(b) . It is seen that the transmittance spectra hardly changes with φ, indicating that the refractive index sensor is insensitive to the polarization direction of the incident light. The distributions of normalized electric-field amplitude at the two resonance dips obtained for several polarization states are provided in Fig. 5(c) . One can see that although the transmittances for different φ take almost identical dip values at the same resonance wavelengths [as shown by the magnified views in Fig. 5(b) ], the corresponding field distributions are not similar due to the breaking of the 4-fold rotational symmetry. To unveil the mechanism why the transmittance is insensitive to the incidence polarization, next we will theoretically demonstrate that the 120° (i.e. 3-fold) rotational symmetry about the origin point O along with the mirror symmetry about x=0 of the proposed structure must ensure the polarization independence when the light impinges on the device at normal incidence. We first consider the case that the normally incident plane wave is linearly polarized along the y direction, i.e. with an electric vector E0,i=ciy with ci being a complex amplitude coefficient and y being the unit vector along the y-direction. Then according to the symmetry theorem of the Maxwell's equations [46] , the simultaneous mirror symmetries of the structure and of the E0,i about the x=0 plane will result in the same mirror symmetry of the zeroth-order transmitted plane wave, i.e. with an electric vector E0,t=city=tE0,i, where t=t(λ) is a complex transmission coefficient. Then the zeroth-order transmittance can be expressed as
where S0,i and S0,t are the Poynting vectors of the incident and zeroth-order transmitted plane waves, respectively, η0 is the wave impedance in vacuum, and ni and nt are the refractive indices of the incidence and transmittance half-spaces, respectively. Then we consider the general case of a normally-incident plane wave with an arbitrary polarization, i.e.
Ei=ci,xx+ci,yy, with x and y being unit vectors along the x-and y-directions, and ci,x and ci,y being the corresponding complex amplitude coefficients. With (x,y) projected upon a new set of non-orthogonal vector basis (a1,a2), where we choose a1=y and a2=xcos30°−ysin30° being the unit vector along the p2 direction as shown in Fig. 1(b 
From Eqs.
(1) and (2), one can derive T(λ)=T0(λ) which is independent of the coefficients ci,1
and ci,2, namely, the transmittance for any polarization state of incidence is the same. The above theoretical demonstration provides a new strategy for the design of polarizationindependent structures, which employs the 3-fold rotational symmetry instead of the 4-fold rotational symmetry routinely used in literatures. Table 3 shows the comparison of our proposed sensor with other reported refractive index sensors in terms of material, structure, sensitivity, Q, FOM and polarization sensitivity. We can see that most of the existing refractive index sensors are sensitive to the polarization state of the incident light. Among various polarization-insensitive sensors, the sensor proposed in this paper has the largest FOM, which is a very important parameter to characterize the overall sensing performance. 
